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Introduction
Ferroelectric is one kind of the most important materials in nonlinear optics. In the past decade, domain engineering, which is mainly based on ferroelectrics, has attracted great attention and been widely studied, such as the fabrication and application of periodically inverted domain structures [1] . Meanwhile, a number of detection and visualization methods have been developed to observe the domain structures, like chemical etching method [2] , optical imaging [3] [4] [5] and scanning microscopy techniques [6] [7] [8] [9] . Chemical etching is the most widely utilized method because of its high resolution and comparative ease of use. The disadvantage is also obvious that it is destructive. Optical imaging is comparatively simple and can be used to acquire real-time or in situ information about the domain structures, but diffraction limits the resolution. Scanning microscopy is non-destructive and of high resolution. However, it cannot give real-time information and strongly depends on the surface patterns.
In this paper, we propose a new optical method that can characterize domain walls through Cherenkov second harmonic generation (CSHG) by using localized nonlinearities. This method is not only non-destructive and in situ, but also gives domain wall information with high precision, such as wall width and orientation. Moreover, this method can be used to acquire the information of domain structures buried inside a crystal other than on the surface since it has strong response to domain walls anywhere in a transparent crystal.
Cherenkov second harmonic generation by localized nonlinearities in domain wall
In medium with normal dispersions, nonlinear polarization P 2ω forced by fundamental beam (FB) propagates faster than a free second harmonic (SH) beam in the same medium. Then CSHG should be generated by such polarization and emit at Cherenkov angle to the FB [10] . Although typical setup for CSHG is always a waveguide with nonlinear substrate [10] , conical CSHG with rather low efficiency in single domain nonlinear crystals has been reported in very early days [11] . Recently, it has been shown that new localized nonlinearities exist in domain wall regions [12] , which can generate enhanced CSHG. Compared with the conical CSHG in single domain crystals [11] , CSHGs generated in domain wall regions are a pair of well-collimated beams symmetrical to domain wall. This is because in single domain medium, nonlinear polarizations forced by FB can be treated as isotropic in transverse directions, while nonlinear polarizations in domain wall regions are closely related to the domain wall width, where new nonlinearities only exist in the vicinity of the domain walls. It is reported in previous study that the effective domain wall width is about 100nm [13, 14] , much smaller than the micrometer-scale FB spot. So the polarization in domain wall region has planar geometry. Considering the coherence of the polarization over the full beam width, the generated CSHGs should be a pair of well collimated beams symmetrical to the domain wall. Here, we define a pair of well collimated beams as each of the CSHG beam is less than 1° in its angular distribution, i.e. total angular distribution of the CSHG is less than 2°. Figure 1(a) is a schematic of CSHG patterns generated by the FB-illuminated domain wall. When the width of domain wall is larger than or equal to the FB spot, conical CSHG will be generated obviously. With the increasing of the FB spot size, the conical CSHG will degenerate to a pair of arcs, and finally to a pair of well-collimated beams. In order to get the angular distribution of the CSHG arc, we need to calculate the electrical field by counting all the contributions of the area illuminated by FB spot in domain wall. The CSHG electrical field at distance r is then determined by 
where ds is the element of radiating source driven by the FB in domain wall, r 0 is the distance between this element and the zero point, k is the wave vector of the harmonic beam, and A is the integrating area illuminated by FB spot in domain wall, which can be changed when the ratio of beam width over domain wall width r b /r dw changes. From Eq. (1), we can easily get the angular distribution of the CSHG. Calculations with different r b /r dw show that only when the ratio of beam width over domain wall width r b /r dw > 100, can a pair of well collimated CSHGs be observed in the far field (as shown in Fig. 1(b) ). By this principle, we can estimate the domain wall width by decreasing the diameter of the FB spot on domain wall. Whenever the pair of CSHGs changes to a conical CSHG, it means the diameter of the FB spot on domain wall is comparable to domain wall width. Moreover, the pair of CSHGs symmetrical to the domain wall can be used to acquire the orientation of the domain wall with high precision. When rb/rdw = 1, the CSHG should be conical, so its angular distribution is 2π, as indicated as 360°. When rb/rdw>100, this pair of CSHGs are well-collimated.
Experiments and analysis
In our experiment, a Ti: Sapphire oscillator producing about 100 fs pulses at 84 MHz repetition rate at wavelength 800 nm with averaged power 200mW is used as the detecting light source. We fabricate different domain inversions with different wall patterns and qualities in 1mm z-cut LiTaO 3 samples, as shown in Figs. 2(a), 2(b) and 2(c). We firstly focus the FB loosely to about 10µm on the input facet. The straight domain wall with high quality in Fig. 2(a) can generate a pair of well-collimated CSHGs, which are symmetrical to the domain wall, shown in Fig. 2(d) .
The same experiment in low-quality straight domain wall in Fig. 2(b) still generates a pair of CSHGs, shown in Fig. 2(e) . However, each of the pair is distributed in an arc due to the roughness of the domain wall. Two high-quality domain walls with 150° angle between them as in Fig. 2(c) can generate two pairs of CSHGs, which can exactly reflect the domain wall orientations as shown in Fig. 2(f) . In this step, the focused FB spot is about 10µm. From the calculation results of Fig. 1(b) and the well-collimated CSHG in Fig. 2(d) , we can estimate that r b /r dw > 100 here, which means the domain wall width should be less than 100nm. This result is in good agreement with previous reports [13, 14] . In subsequent steps, we focus the FB tightly to the smallest of about 1µm, limited by the experimental setup. Also, a pair of well-collimated CSHGs with intensive divergence is observed and no conical CSHG is found. So we can improve the estimation of the domain wall width to be less than 10nm. More precise measurement can be done by decreasing the FB spot to smaller size. Although it seems that our estimation of domain wall width is much smaller than previously reported ones of about 100nm [13, 14] , we believe there is no conflict. It is very important to define precisely what one means by a domain wall width: whether in terms of a polarization gradient across the wall or of a range of material properties that might be influenced by the presence of the wall. In our research, domain wall width represents the region where enhanced nonlinearities exist. It is different from previously reported works [13, 14] where domain wall width represents the range in which the material has good response to PFM and AFM techniques. By utilizing CSHG method, we can measure the orientation of domain wall with high precision as well as the width of domain wall. Figure 3 gives a pair of CSHGs which contains the information of the fine structures of the domain wall. Since smaller numerical aperture of the focused FB can provide higher angular resolution, here the FB is still loosely focused to about 10µm on the input facet, whose small numerical aperture will provide higher angular resolution. The domain wall covered by the FB spot has tiny difference in its orientation, which can generate CSHGs with tiny angular difference. The spatial angular resolution of the CSHGs is about 10mrad. Such tiny difference of the domain wall orientation is hard to detect by other optical methods, but it can be easily visualized by CSHG method with high precision. As well, with the decreasing of the FB spot size and its divergence, the precision of measurement can be further improved. This high spatial angular resolution may be meaningful in domain engineering of fine structures. When the domain walls' scale is smaller than the FB spot size and the domain walls have complex patterns, CSHG method can still be used to determine the orientations of the domain walls and show a first glance at the geometry of the domain wall structures. Due to the point-group structure and the nonstoichiometry, domain inversions in LiTaO 3 crystals are trigonal [15] . We fabricate such trigonal micro domain inversions with averaged size of 7~8µm in the 1mm z-cut LiTaO 3 sample as shown in Fig. 4(a) and the 10µm FB spot can coves it totally. The generated CSHGs are hexagonally distributed as shown in Fig. 4(b) . They are obviously three pairs of CSHGs symmetrical to the trigonal walls respectively. Since the FB spot size does not impact the CSHG, this method is valid even when domain inversions are smaller than the FB spot. For a more complex domain wall pattern, more complex CSHGs are expected, through whose intensities we can also determine the relative importance of the domain walls. Since CSHGs are quite sensitive to domain walls, it can also be used to monitor domain inversions inside any ferroelectrics. Different from typical optical method, CSHG method gives the information of the domain wall instead of visualizing the illuminated domain wall directly. In order to get the information of domain walls in a large area, we need to use the scanning technique. In this step, the FB is tightly focused to the smallest of about 1µm to increase the resolution. A stepping motor is used to move the sample with step length 1µm, so a point by point scanning can be realized. The CSHG patterns are captured by a CCD camera set behind the sample and stored by a computer.
All the stored information is used to reconstruct the domain wall patterns. Figure 5(a) is the domain wall pattern after etching and Fig. 5(b) is the reconstructed one by scanning CSHG method. We get good domain wall pattern at the resolution of 1µm. A more precise resolution is also expected with a smaller FB spot size. Since the 1µm FB spot nearly reaches the diffraction limit, it is hard to focus the FB to a smaller size. A proper method here to decrease the FB spot size is the near-field optical method. For example, a tapered fiber can squeeze down the light spot to sub-wavelength or even smaller, which can improve the resolution greatly. A useful feature of this method lies in the possibility of focusing slightly below the surface, therefore reducing the influence of the roughness of the surface on the measurement. Furthermore, we can perform a time-resolved measurement by using the pulsed laser source to reveal the growth process of domain structures. Conventional optical time-resolved measurement, such as visualization with coherent light, can provide overall status of the domain inversions. But it cannot give the precise information of the domain walls and is hard to make depth-resolved measurement. By CSHG method, it is convenient to focus the FB where we want to detect. Compared with previous optical method, this scanning CSHG method has no diffraction limit and can provide more precise measurement. Information provided by it should be of major interest for domain engineering in fine structures as well as over large crystals. CSHG by localized nonlinearities has been demonstrated in a variety of ferroelectrics, such as PPKTP [12] , PPLN and PPLT [16] , SBN [17] and so on. Since the localized nonlinearities should exist in domain wall regions of all ferroelectrics, this CSHG method can be used in all ferroelectrics and even other nonlinear materials with domain structures.
Conclusion
In conclusion, we propose a new method to characterize domain walls in ferroelectrics by using localized nonlinearities. By this method, we estimate that the width of the domain walls in LiTaO 3 is less than 10nm. The symmetry of the CSHGs is used to measure the orientation of domain walls and the spatial resolution is as high as 10mrad in our experiments. It is also demonstrated that even when the measured domain inversion is smaller than the FB spot can the CSHGs reveal the information of the domain walls of such tiny domain inversions. Combined with scanning techniques, CSHG method can reconstruct the domain wall patterns with high precision. This method has advantages of nondestructive, noncontact, in situ and of high resolution. Since CSHG by localized nonlinearities exist in domain wall regions of all ferroelectrics, this method should work in general in all ferroelectrics and even some other materials with domain wall structures.
